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ABSTRACT
Previous autoradiographic, biochemical and pharmacological
studies indicate that both GABA and glycine are transmitter
candidates in rabbit retina. Together with the morphological
approach, the post-natal development of these two neuronal
systems are now examined with reference to the temporal
sequence of emergence and maturation of some inherent biochemical
properties, namely high-affinity uptake; storage or accumu-
lation; synthesis; K+- stimulated, Ca++_ dependent release
and enzymatic inactivation of the transmitters. Our exper-
imental results indicate that in isolated rabbit retina,
exogenously supplied 3H-GABA is localized to Muller (glial)
cells. After intraocular injections, both 3H-GABA and
3H-glycine are mainly associated with different subclasses of
amacrine cells. Different neurons in the newborn retinas
already possess a specific mechanism for GABA and glycine
uptake. The positions and densities of these cells in the
developing retinas suggest that they are committed to be
GABA-ergic or glycinergic before birth. The putative GABA-
ergic neurons in the newborn retinas contain only low levels
of GABA, GAD and GABA-T activities and relatively little
K+- stimulated, Ca++_ dependent release of preloaded 3H-GABA.
In the case of the glycinergic neurons, the neurons are
probably immature at birth because they do not release the
accumulated glycine in response to K+- induced depolarization.
The GABA concentrations, GAD and GABA-T activities in
developing retinas increase steadily after birth, reaching
about 80% of the adult levels by day 9. K+- stimulated
GABA release, however, remains low until day 6, then
increases dramatically from 20% to 85% of the adult level
over next 3 days. In the case of the glycinergic system,
there is practically no K+- stimulated, Ca++- dependent
release of preloaded glycine from the retina until day 7,
after which the release increases drastically to about 65%
of the adult level on day 10 and 80% on day 12. Endogenous
glycine content is highest at birth. It decreases dramatically
from day 7 to day 10, then reaches adult level by day 25.
It,can be concluded that the commitment by certain neurons
to use GABA or glycine as the neurotransmitter is made
pre-natally. These neurons are immature at birth, but are
biochemically, physiologically and probably functionally
mature by about day 9 for the GABA-ergic system and by
about day 12 for the glycinergic system.
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The study of the developmental patterns of the
central nervous system has been one of the major streams
in the field of neurobiology. The developing nervous system
provides a scenario in which the complex relationships
among neurons are established. This process involves cell
multiplication, cell migration, arborization of neuronal
processes, synaptogenesis after cell-cell recognition and
development of patterned electrical activities. In abstract
term, the development of nervous tissues is a vectorial
process characterized by changes in time and space as well
as magnitude (Jacobson, 1978; Lund, 1978; Gottlieb and
Glaser, 1980). Research on the development of the mammalian
nervous system has been oriented primarily toward structural
analysis, and the correlation between morphological and
biochemical differentiation has remained an elusive goal.
In this study, rabbit retina is used as a mammalian model of
the central nervous system. Temporal sequences for the
post-natal emergence and maturation of some inherent biochemical
properties of two identified retinal neurons will be discussed,
they are the GABA-ergic and glycinergic neurons.
1.2 Rabbit retina -- A model for developmental studies
In comparison to other nervous tissues (eg. cerebellum),
retina is preferentially used as a research model of the
central neuronal network because it has its embryological
2origins in the forebrain and is analogous to central gray
matter (Lund, 1978). In addition, retina offers a number of
experimental advantages to the investigation of neural
functions, Its laminar and relatively simple structure and
neuronal circuitry make identification and analysis easier.
The morphology and physiology of this retina have been
well examined (Barlow et al.., 1964; Raviola and Raviola,
1967; Ames and Pollen, 1969; Levick, 1972; Stell, 1972;
Daw, 1975; Raviola and Gilula, 1975). Besides, the retina
of the rabbit is exceptionally well suited for in vitro
studies as it is rather thin (about 100um for adult
preparation) and has no penetrating vessels; it can be nurtured
in vivo by histotrophic diffusion from either surface.
Diffusion is rapid between the medium and the extracellular
spaces in the tissue, so that the synapses can be exposed
to a known concentration of an experimental agent, i.e.
the problem of a blood-brain or blood-retina barrier is
eliminated. To isolate the retina, it takes no more than
half a minute between interruption of the circulation and
the immersion of the retina in an oxygenated medium. If
care is taken to maintain a physiological environment, both
electrolyte distribution (Ames and Hastings, 1956) and
electrophysiological function (Ames and Gurian, 1960; 1961)
appear to remain at or near physiological levels during the
isolation and subsequent incubation. Since the preparation
can be stimulated with a physiological stimulus (i.e. light),
the response to the stimulus under various pharmacological and
3physiological conditions can be easily monitored with
minimal intervention by electroretinogram.
1.3 The anatomy and organization of a typical vertebrate
retina
The structure of the vertebrate retina (Figure 1) has been
extensively studied and described by Bonting (1976),
Starr (1977) and Dowling (1978). In the light microscope
a fixed and stained section of the retina gives the appearance
of a layered structure with seven main layers. These layers,
going from pigment epithelium to vitreous, are called:
1. photoreceptor layer(PRL);2. outer nuclear layer (ONL);
3. outer plexiform layer (OPL); 4. inner nuclear layer (INL);
5. inner plexiform layer (IPL); 6. ganglion cell layer (GCL);
and 7. optic fiber layer (OFL). This layered structure is
made up of five principal cell types as shown in Figure 1:
1. photoreceptor cells, including rods and cones; 2. bipolar
cells, including midget type (MB), flat type (FB) and rod
bipolar (RB); 3. horizontal cells; 4. amacrine cells;
5. ganglion cells, including midget type (MG) and diffuse
type (DG). In addition, there are large Muller (glial) cells,
which extend vertically through the retina and which have
fine processes that envelop all the nearby neurons. Their
nuclei are located in the inner nuclear layer. The outer
segment and distal part of the inner segment of the rods and
cones form the photoreceptor layer (PRL). The nuclei of the
rods and cones form the outer nuclear layer (ONL), while








Figure 1 Synaptic connections of the vertebrate retina
(rhesus monkey and man). R. rod; C, cone; MB,
midget bipolar, probably receiving only from one
cone; FB, flat bipolar, receiving from several
cones, but probably not from rods; RB, rod bipolar,
receiving from several rods, but probably not from
cones; H, horizontal cell; A, amacrine cell;
MG, midget ganglion cell; DG, diffuse ganglion
cell. On the left the retinal layers seen
in light microscopy are indicated. PRL, photo-
receptor layer; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion
cell layer; OFL, optic fiber layer. The direction
of light is from OFL to PRL (Dowling, 1970)
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5The cell bodies and nuclei of bipolar, horizontal and amacrine
cells form the inner nuclear layer (INL), while the synapses
between bipolar, amacrine and ganglion cells form the inner
plexiform layer (IPL). The cell bodies and nuclei of the
ganglion cells form the ganglion cell layer (GCL), and the
axons of the ganglion cells, continuing into the optic nerve,
form the optic fiber layer (0FL).
Recently, a new type of cell, an interplexiform neuron
with the cell body located in the amacrine cell layer and with
dendrites extending into both plexiform layers, has been
demonstrated (Ehinger, 1977; Dowling and Ehinger, 1978). It
appears to provide a centrifugal pathway from the inner to
the outer plexiform layer. This layer of neuron is mainly
found in Cebus monkey and teleosts but not in rabbit.
The interconnections between the retinal cell types
form two major types of pathways: the straight-through
and the lateral pathways. The straight-through pathway or
three-neuron pathway consists of the route photoreceptor --
bipolar cell -- ganglion cell. Except for the midget bipolar
cells (MB), which appear to connect with a single cone, the
connections are multiple. The flat bipolar cell (FB) receives
from several cones (but no rods), while the rod bipolar cell
(RB) receives from several rods (but no cones). Conversely,
individual photoreceptors usually make synapses with several
bipolar cells. Some variations on the straight-through
pathways just described have been noted. In certain fishes
connections of both rods and cones to the same bipolar cell
have been observed. In lower vertebrates, such as frog,
there is recent evidence that an amacrine cell can be
interposed between a rod bipolar cell and a ganglion,
6thus making the straight-through pathway a four-neuron chain.
In the cat the rod bipolar cells seem to be connected to the
ganglion cell via an amacrine cell, constituting a clear
example of four-neuron chain (Kolb and Famiglietti, 1974).
Lateral pathways exist in the photoreceptor layer, the
outer plexiform layer and the inner plexiform layer. In the
photoreceptor layer there are direct contacts between
photoreceptor cells, both between rods and cones as well as
between rods, The function of these direct contacts, which
seem to be electrical synapses, is not yet clear (Stell, 1972).
In the outer plexiform layer the horizontal cells inter-
connect different receptor cells. Two types of horizontal
cells are known: those which have an axon and dendrite-
like processes, and those which have dendrite-like processes
only. The dendrite endings are in synaptic contact with
cones only, and the axonal endings with rods only. There are
also synaptic contacts between two horizontal cells.
In the inner plexiform layer the amacrine cells provide
the lateral connections, e.g. between a bipolar cell and
a ganglion cell. Amacrine cells never have an axon, but
they have processes, which may be both pre-synaptic and
post-synaptic elements within the inner plexiform layer:
post-synaptic to bipolar cells, either post- or pre-synaptic
to other amacrine cells, and pre-synaptic in synapses with
bipolar and ganglion cells.
As for the synaptic organization in the vertebrate
retina (Figure 1), synapses involving receptor cells are
7either of the ribbon type or the flat contact type. The
ribbon synapse is characterized by a dense ribbon or bar
in the pre-synaptic cytoplasm. The bar is surrounded by an
array of synaptic vesicles and is oriented at right angles
to the adjacent plasma membrane. There are always several
(three to five) post-synaptic elements. The flat synapse
has little synaptic specialization, no ribbon or cluster of
synaptic vesicles, and is formed by two flat membrane
surfaces apposing each other. The conventional type of
synapse, characterized by a group of vesicles near the
pre-synaptic membrane, pre-synaptic and post-synaptic
specialization and cleft specialization, is found in the
outer plexiform layer only where a horizontal cell process
is the pre-synaptic element. In this case the post-synaptic
element is either another horizontal cell process, a bipolar
cell dendrite or, rarely, a bipolar cell body, but never
a receptor cell. These conventional type synapses have
never been found in the outer plexiform layer of human or
monkey retina, rarely in those of lower mammals, frequently
in that of amphibian retina. An exception is formed by the
recently discovered interplexiform neuron, which in the
Cebus monkey does form conventional synapses in both
plexiform layers.
The types of synapses found in the inner plexiform
layer are shown in Figure 1. The bipolar cells always have
synaptic ribbons in their terminations, but the amacrine
cells never have ribbon-type synaptic terminations. There
8are usually two post-synaptic elements (a dyad) at each
bipolar cell synapse, one element containing vesicles
and the other empty. The vesicle-containing element is an
amacrine cell process, and the empty element is a ganglion
cell dendrite. Dyads consisting of two amacrine cells or
two ganglion cells have been observed. Finally there are
dyads, which are the pre-synaptic elements in a conventional
synapse with a bipolar-cell, the latter being called a
'reciprocal synapse'. There are also conventional synapses
involving a series of three to five cells, where an
amacrine cell is pre-synaptic to another amacrine cell,
which is pre-synaptic to a ganglion cell dendrite, etc.,
these are the so-called 'serial synapses'. Finally, there
is evidence in birds that there are efferent fibers
entering the retina through the optic nerve, which form
conventional synapses with amacrine and perhaps ganglion
cells in the inner plexiform layer.
1.4 The criteria for neurotransmitters
From the early experience with acetylcholine (Dale et
al., 1936) five criteria, which can be used to assess
whether a substance qualifies as a synaptic transmitter, have
been formulated (Siegel et al., 1976; Cooper et al., 1978):
1. The substance must be synthesized and/or stored
in the nerve endings from which it is released.
2. The substance must be released upon pre-synaptic
stimulation and shown to be present in the extra-
cellular fluid in the vicinity.
93. When applied post-synaptically, it must mimic
the action seen when the pre-synaptic system is
stimulated.
4. Specific antagonists should be able to block
both the natural transmission and the action of
the substance. Such antagonists usually block the
interaction of the transmitters with its receptors
on the post-synaptic membrane.
S. There must be a mechanism for the removal of the
transmitters from the post--synaptic region, either
by chemical transformation, diffusion or reuptake
in the pre-synaptic nerve endings.
It should be emphasized that the general ease of
applicability of these criteria or 'marker' functions varies
considerably between transmitter candidates and becomes
acute with agents such as the amino acids and adenosine
triphosphate that serve a general metabolic role in addition
to their putative transmitter function. In this present
study, these criteria are used as physiological probes for
the developmental patterns of the GABA-ergic and glycinergic
neurons in the rabbit retina.
1.5 Retinal neurotransmission and its transmitter candidates
The mechanism of visual process in the vertebrate
retina can be summarized in the following way. The retinal
image formation involves three successive stages: the
first image is formed among the photoreceptor cells, the second
within the bipolar cells, and the final one within the
ganglion cells. In the formation of the second image, the
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horizontal cells alter the form of the signal, while the
amacrine cells alter the form of the signal arriving in
the ganglion cells. Thereafter the signal is conducted by
the optic nerve and optic tract to the visual cortex. The
physiology of vertebrate retina has been recently reviewed
in great details by Werblin (1974), Kaneko (1979) and
Rodieck (1979).
All vertebrate photoreceptors, rods as well as cones,
hyperpolarize upon illumination.In the dark, the photoreceptors
emit a steady stream of a depolarizing transmitter that holds
the recipient neurons in a constant state of polarization,
but when light strikes the retina it switches off the flow
of this transmitter, the bipolar and horizontal cells
respond electrically with slow, graded and sustained potentials
and it is necessary to record intracellularly in order to
distinguish the activity of one unit from the other. Bipolar
dendrites and horizontal cell processes are activated
together at the synaptic ribbon synapses of the photoreceptors.
Receptor excitation hyperpolarizes ON-type bipolar cells and
L-type horizontal cells which are sensitive to all spectral
light; but depolarizes OFF-type bipolar cells, while the
response of the C-type horizontal cells depends on the
wavelength of the light stimulation. Horizontal cell feedback
is found only on cones and probably not rods. This feedback
is colour specific and plays an important role in constructing
the chromatic response properties of horizontal cells.
As referred to Figure 2, the bipolar cells are driven
through 2 pathways. A small spot of light centered on the
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photoreceptor will activate the receptor-bipolar pathway.
A ring surrounding a certain bipolar cell will illuminate
receptors that drive horizontal cells in contact with this
bipolar cell. Two types of bipolar cells can be distinguished:
one that depolarizes upon steady central illumination, and
one that hyperpolarizes. Addition of an annulus reduces the
response to central illumination in both cases. The decrease
in the bipolar response upon peripheral illumination may
be due to a depolarizing effect of an inhibitory transmitter
released from a hyperpolarized horizontal cell on a nearby
photoreceptor cell, which may represent a feedback path-
way from horizontal cell to photoreceptor cell modulating the
receptor signal. This phenomenon, known as lateral inhibition,
has the effect of exaggerating differences in excitation
level of analyzing neurons at successive levels of sensory
pathway, thereby enhancing constrast and accuracy of stimulus
analysis.
The wide catchment area of most bipolar cells enables
them to integrate the electrical responses,of a large
number of photoreceptors. Bipolar cells, therefore, undertake
the first modification of the visual signal and this information
is then passed to the proximal retina for further assimilation.
It is here that bipolar cells interact synaptically with
amacrine and ganglion cells at excitatory ribbon synapses.
The sustained polarizations of the bipolar cells give way
to transient depolarizations in the amacrine cells and to
typical action potentials consisting of a series of electrical
spikes in the ganglion cells. Two different types of ganglion
cells may be distinguished on the basis of their electrical
12
response: a tonic or 'on' type and a phasic or 'off'
type.Each ON-center ganglion cell is driven by direct
contact with one or very few bipolar cells only, such that
a central illumination hyperpolarizes the bipolar cells
and switches off the firing in this ganglion cell altogether.
In constrast, an OFF-center ganglion cell receives its
input solely via an amacrine cell, and its transient
depolarization at the onset and/or termination of diffuse
illumination matches exactly the latency of the amacrine cell
response. Both types of ganglion cells show, initially at
least, a depolarizing response. The tonic ganglion cell,
like the bipolar cell, seems to indicate the relative
level of illumination in the center of its receptive field,
and its sensitivity is controlled by the average illumination
levels in surround regions. The sensitivity of the phasic
ganglion cell, on the other hand, is altered by interactions
at both plexiform layers. It may act as a spatial contrast
detector or as a temporal change detector.
Amacrine cells are the most diversified of all of the
retinal neurons and participate in a variety of excitatory
and inhibitory circuits in the inner plexiform layer by
way of conventional synapses. They are more closely involved
in visual processing in vertebrates lower down the phylo-
genetic scale and it is this tremendous difference in
cellular organization and function between simple and
complex retinas that has made amacrine cells the subject of
transmitter and comparative studies. Amacrine cells are
principally driven by bipolar cells, but also by other
amacrines, and in turn synapse with and reeulate the
13
activities of all of the major cell types found in this
region of the retina.
On going from the bipolar to amacrine cell, the
electrical signal is transformed from a slow and graded
potential to a transient depolarization, which is seen
whenever the light stimulus is switched on and/or off.
This change in response pattern is believed to involve an
inhibitory feedback loop and to reflect the secretion of an
inhibitory substance at reciprocal amacrine-bipolar synapses,
shutting off bipolar excitation locally without affecting the
concomitant stimulation of the other member of the dyad
pair (usually a ganglion cell). Amacrine cells also mediate
lateral inhibition of those ganglion cells directly contacting
bipolar cells, or function as interneurons in excitatory
pathways to ganglion cells.
In addition, the interplexiform cells in Cebus monkey
and goldfish play a more complex role of regulation in both
the outer and inner plexiform layers (Dowling and Ehinger,
1975). These cells make conventional synapses onto amacrine
cell processes in the inner plexiform layer, but never
contact the ganglion cells or their dendrites. In the outer
plexiform layer, the processes of the interplexiform cells
make synapses on the perikarya of the external horizontal
cells (H1) and onto bipolar cells dendrites. The interplexiform
cell processes are never observed as post-synaptic elements
in the outer plexiform layer at either rod or cone receptor
terminal synapses or at the occasional external horizontal
cell synapses.
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Taken together, the outer plexiform layer appears
concerned mainly with the static or spatial aspects of the
illumination on the receptors, while the inner plexiform
layer is concerned more with the dynamic or temporal
aspects. Amacrine cells respond vigorously to moving
stimuli. The two types of ganglion cells appear to be
closely related to either the bipolar or amacrine cell
activity, and to carry the information on the transformations
occurring at the two plexiform layers to the higher visual
centers.
Current opinions on the identities of the neurotrans-
mitters released at the various synaptic sites within the
vertebrate retina are summarized in Table 1 and Figure 2.
These data represent our total knowledge of all vertebrate
retinas and none of the compounds listed yet satisfies all
of the proposed criteria in a single species.
Many synapses in the retina are of the chemical type,
but the transmitters involved are by and large only known
for subclasses of amacrine cells. Glutamic acid (or possibly,
aspartic acid) may be transmitter in photoreceptors because
horizontal cells respond strongly to these substances
(Ripps et al., 1976). The transmitters of horizontal cells
and bipolar cells are unknown although GABA reuptake has
been observed in horizontal cells of a number of cold-
blood vertebrates (Voaden et al, 1974; Lam and Steinman,
1974). GABA synthesis was also demonstrated in isolated
horizontal cells of goldfish (Lam, 1975). In amacrine cells,
dopamine, glycine, GABA and an indoleamine are all likely
neurotransmitters (Ehinger and Floren, 1976; Ehinger, 1977;
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Table 1 Summary of credentials of suspected neurotransmitters
in vertebrate retina (Starr, 1977)
Transmitter Fulfilment of transmitter criteria
suspect
Synthesis Release High Mimics
and modified affinity Catabolized natural Neurons
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Figure 2 Schematic diagram of excitatory + and inhibitory
- synapses in the vertebrate retina and the

















Dowling and Ehinger, 1978). There is also good evidence that
acetylcholine is the transmitter of some amacrine cells
(Brunn and Ehinger, 1972; Graham, 1974; Masland and Voaden,
1975; Masland and Ames, 1976). The transmitter of the
ganglion cells is unknown although Henke et al. (1976)
obtained evidence suggesting that glutamate may play its
role in pigeons. It is quite likely that for many or most
of the retinal neurons we shall have to search for their
transmitters among classes of substances hitherto not
recognizable as putative transmitters. The many transmitters
found already among amacrines suggest that the final list
is not going to be short.
1.6 The GABA-ergic and glycinergic neurons in mammalian
nervous system
The GABA-ergic system
Y-aminobutyric acid (GABA) was the first amino acid
shown conclusively to function as a neurotransmitter in
both the vertebrate and invertebrate nervous systems.
Whether released from neurons or externally applied, GABA
most often exerts inhibitory or hyperpolarizing effects.
Recently Obata (1976) showed that GABA has depolarizing
actions on peripheral ganglion cells and their axons.
In mammals, GABA is found in high concentrations in
brain and spinal cord, but it is absent or present only
in trace amounts in peripheral nervous tissues such as
sciatic nerve, splenic nerve, sympathetic ganglion, or in
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any other peripheral tissues such as liver, spleen, or
heart. The transmitter role of GABA in mammalian nervous
system has been documented in many central pathways, namely
cerebellar Purkinje cells (Obata and Takeda, 1969; McLaughlin,
1974); neostriatal interneurons (McGeer and McGeer, 1975);
spinal cord interneurons (Wood et al., 1976); hippocampal
basket cells (Andersen et al., 1964); cortical interneurons
(Bloom and Iversen, 1971) and olfactory bulb interneurons
(Ribak t al., 1977). In additon, GABA has been shown to
be a neurotransmitter in the vertebrate retina. Certain
neurons in the retina possess a Na+_ dependent high-affinity
mechanism for GABA uptake, contain high activities of the
GABA-synthesizing enzyme L-glutamic acid decarboxylase
and release GABA in response to appropriate stimulation
(Graham, 1974; Marc et al., 1978; Lam et al., 1978; 1980a),
Uptake (Iversen and Schon, 1973) and immunocytochemical
(Wood et al., 1976) studies suggest one population of
amacrine cells is probably GABA-containing. Recently,
Hollyfield et al. (1979) utilized the specific neuronal
properties to examine the development of GABA-ergic
neurons in the Xenopus retina. The putative GABA-ergic
neurons in rabbit have been identified (Ehinger, 1970,
1977; Caldwell et al., 1978; Caldwell and Daw, 1978;
Brandon et al., 1979, 1980).
GABA is formed in the nervous systems of vertebrate
and invertebrates mainly by the single step a-decarboxylation
of glutamic acid. The reaction is catalyzed by L-glutamic
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acid decarboxylase (GAD EC 4.1.1.15). This synaptosomal
enzyme is pyridoxal phosphate dependent and shows a high
degree of substrate specificity of L-glutamate. There are
practically two types of GAD. One is present in neuronal
elements and is designated as GAD I; the other is non-
neuronal and present in glia as well as blood vessels and
several peripheral tissues, this type of GAD is known as
GAD II. the purified GAD from beef-heart muscle has been
found to be chemically and immunologically distinct from
the brain enzyme (Wu, 1976). Chemically, GAD II is stimulated
by carbonyl-trapping agents (aminooxyacetic acid) and
anions (Cl-) and GAD I is inhibited by them.
The major catabolic route for GABA is the reversible
transamination with a-ketoglutarate catalyzed by an amino-
transferase (GABA-T EC 2.6.1.19). The succinic semialdehyde
formed in this reaction is rapidly oxidized to succinate
by succinic semialdehyde-NAD+-oxidoreductase (EC 1.2.1.16).
GABA-T is also pyridoxal phosphate dependent, it is largely
associated with mitochondria in either intra- or extra-
neuronal sites.
It is still controversial whether the presynaptic GABA
is stored in vesicles in the same fashion as catecholamines
and acetylcholine. The release of GABA is probably Ca++-
dependent and the released GABA is inactivated mainly by
the high-affinity reuptake mechanism (McGeer et al., 1978).
The glycinergic system
There is considerable evidence that some neurons may
use glycine as an inhibitory or hyperpolarizing neuro-
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transmitter. In the mammalian spinal cord, autoradiographic,
biochemical and electrophysiological studies indicate
that some interneurons may be glycinergic (Aprison et al.,
1970; Iversen and Bloom, 1972; Davidson, 1978). In the
Aplysia parietoviceral ganglion, glycine is likely a
neurotransmitter candidate for the neuron R3-R14 (Price
et al., 1978; McAdoo et al., 1978). Among vertebrate
retinas, specific uptake and release of 3H-glycine have
been observed autoradiographically and biochemically in
goldfish and certain amphibians (Voaden, 1974; Chin and Lam,
1980; Marc et al., 1978, 1979). Neurophysiological studies
also indicate the presence of glycinergic synapses in
Necturus and goldfish retinas (Miller et al., 1977;
Wu and Dowling, 1979). Additionally, kinetic analysis by
Neal et al. (1973) and Chin and Lam (1980) have shown
that rat and goldfish retinas possess both the high- and
low-affinity mechanisms for glycine uptake. Iontophoretic
application of glycine to ganglion cells strongly suppresses
the spontaneous and light-evoked firings of all cell types.
Finally in rabbit retina, strychnine, an antagonist of
post-synaptic glycine receptors, has specific effects on
the firing patterns and receptive field properties of
certain ganglion cells (Ames and Pollen, 1969; Caldwell
et al., 1978; Caldwell and Daw, 1978), resulting in an
increase in the amplitude of the b-wave of the rabbit
electroretinogram. From autoradiographic studies, 3H-glycine
is consistently seen to label a discrete population of
amacrine cells (Voaden, 1976; Ames and Voaden, 1969;
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Miller and Dachleux, 1977; Caldwell and Daw, 1978). This
accumulated glycine can be released upon appropriate light
stimulation of the retina (Brunn and Ehinger, 1972;
Ehinger and Lindberg-Bauer, 1976).
Our knowledge of the metabolism of glycine in nervous
system is still quite rudimentary despite the fact that
the process has been studied quite extensively in other
tissues (Cooper et al., 1978). Glycine can be formed
from serine by a reversible folate-dependent reaction
catalyzed by the enzyme, serine hydroxy-methyltransferase
(SHMT EC 2.1.2.1). Serine itself can also be formed in
nerve tissue from glucose via the intermediates 3-phospho-
glycerate and 3-phosphoserine. It is also conceivable that
glycine might be formed from glyoxylate via a transaminase
reaction with glutamate. Although not established definitely,
it seems likely that serine serves as the major precursor
of glycine in the CNS and that serine hydroxy-methyltransferase
and D-glycerate dehydrogenase are the best candidates for
the rate-limiting enzymes involved in the biosynthesis
of glycine.
Routes of glycine catabolism include conversion
back to serine via SHMT and back to glyoxylate via trans-
amination, or less-likely direct oxidation via D-amino
acid oxidase. The relative importance of these reactions
for metabolism of transmitter glycine is not yet understood.
In the past, studies of neuronal differentiation
using morphological techniques have largely been confined
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to description of the time of appearance of various
synaptic configurations as well as the emergence and
maturation of specific neuronal shapes during neurogenesis.
Biochemical studies on the other hand, have documented the
time course of synthesis of putative neurotransmitters and
their enzyme systems, and in a few cases the appearance of
high-affinity uptake of the transmitters or their precursors.
Most of these studies have been performed independently with
little or no attempts to correlate biochemical data with
morphological changes. In this present study with developing
rabbit retinas, some of the criteria mentioned are utilized
as physiological probes together with the morphological
approaches, They include the biochemical functions of
stereospecific, high-affinity uptake; storage or accumulation;
K+-stimulated, Ca++_ dependent release and enzymatic inactiv-




One hundred and twenty New England white (albino) rabbits
aged 0 to 60 days from seventeen litters were used for this
study. The birth dates of all litters were carefully recorded
after daily inspection. For the first 3 weeks after birth,i
each litter of pups was raised with its mother in a large
cage containing a nesting box. They were kept under uniform
husbandry conditions and fed a standard Hunt Behren T s
Laboratory Rabbit Chow (Petaluma, California) with drinking
water ad libitum. The animal house was kept at a 12-hour
dark-light cycle.
2.2 Intravitreal injection and incubation
For studies of uptake and release, the following
radioactive compounds were used, namely y-(2,3- 3 H(N))-
aminobutyric acid (specific activity: 44Ci/mmole, from
New England Nuclear Corp.., Mass.) 2-- (3H) -glycine (specific
activity: 15Ci/mmole, from New England Nuclear Corp., Mass.)
For the study of the GABA-ergic system, a rabbit was
anaesthetized with ether under room light and 50j1l of
isotonic saline solution containing 50ACi 3H-GABA was
injected into the vitreous of one eye through the corneal-
scleral junction. The injection site could be visualized by
observing the tip of the hypodermic needle through the lens.
Since the eyes of rabbits aged 0 to 10 days after birth, are
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still closed, the eyelids were first slit open with razor
blade before the injection. Ninety minutes after the injection,
the animal was anaesthetized with ether and decapitated. The
injected eye was' enucleated, the retina was isolated and placed
in a Petri dish containing Ames' bicarbonate-buffered Ringer's
solution (pH 7.4) oxygenated with 5% CO2 and 95%02 (Webster
and Ames, 1969). After removal of all the vitreous and' the
most peripheral regions of the retina, the rest of the retina
was cut into five approximately equal pie-shaped pieces and
each was placed in a separate Petri dish containing 4ml
of Ringer's solution. In some experiments, an isolated
retina from the uninjected eye was incubated in vitro with
oxygenated Ringer's solution containing 10-5M 3H-GABA at
room temperature for 15 minutes. It was then washed with
Ringer's solution for 3 minutes and processed for autoradiography.
For the study of the glycinergic system, 50P.1 of isotonic
saline solution containing 5mM each of L-serine, L-proline
and L-alanine,. and 50ACi 3H-glycine was injected intravitreally.
2 .3 Autoradiography
After another washing for 3 minutes in Ringer's solution,
one piece of retina from the injected eye was transferred
to a fixative containing 2% glutaraldehyde and 1% paraform-
aldehyde in 100mM sodium phosphate buffer (pH 7 .2). The
retina was fixed for 1 hour at room temperature and overnight
at 40C, post-fixed with 1% OsO4, dehydrated with ethanol and
embedded in epon-araldite mixture. One to two um thick sections
were cut and placed on a pre-cleaned glass microscopic slides.
Slides were dipped in the dark with Kodak NTB2 liquid emulsion
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(diluted 1: 1 with water) at 400C. After 10 to 50 days of
exposure at 4°C in the dark, the slides were developed for
2 minutes at 15°C in Kodak dektol (diluted 1:1 with water),
fixed with Kodak .fixer at 15°C for 15 minutes, The auto-
radiographs were then washed with 3 changes of distilled water,
stained with 1% Toluidine blue and examined by light microscopy
to determine the presence and localization of the tritiated
compounds,
2.4 Release experiment
Each of the four remaining pieces of retina from the
injected eye was incubated at room temperature in a Petri
dish containing Ringer's solution for 1 hour. The medium was
changed every 5 minutes. In order to enhance effective exchange
between the extracellular fluid and the Ringer's solution,
the Petri dishes were placed on a shaker set at a moderate
speed. After a 1-hour wash, the spontaneous efflux of
radioactivity from each piece of retina usually attained a
steady basal level. After the washing, each piece of retina
was then transferred to a graduated conical tube containing
2ml of normal Ringer's solution or in an isotonic Ringer's
solution in which 56mM NaCl had been replaced by 56mM KC1
(K+-rich) to examine the presence of K+-stimulated 3H-GABA
release. The medium in each tube was changed every 3 minutes.
One ml of each eluate was mixed thoroughly with 9ml of
scintillant and the radioactivity was measured in a liquid
scintillation counter (Beckman LS-330). 10,.x1 of each eluate
was used to determine by high-voltage paper electrophoresis
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the percentage of the total radioactivity as 3H-GABA. The
Ca++-dependence of this release was studied by adding CoCl2
to either normal or K+-rich Ringer's solution at a final
concentration of 10mM during appropriate intervals. The
effects of GABA uptake by neurons and glia on K+- stimulated
3H-GABA release was examined by adding to Ringer's solution
several known uptake blockers of GABA, i.e. nipecotic acid,
diaminobutyric acid and B-alanine at final concentrations of
0.1mM, 1mM and 2.5mM respectively. The K+- stimulated
release of 3H-GABA from the retina was expressed in percentage
as the ratio of the total radioactivity of K+_ stimulated,
Ca++- dependent 3H-GABA released and the total radioactivity
of 3H-GABA remaining in the retina at the time of the K+_
induced release. After each release experiment, the retina
was homogenized with a glass homogenizer and 1ml of 2M HC1
containing 2.5mg GABA. 20ul of the homogenate was used to
determine the percentage of the total radioactivity in the
in the retina remaining as 3H-GABA by means of high-voltage
paper electrophoresis.
Similar procedures were carried out in the release
studies of preloaded 3H-glycine though with some modifications.
The Ringer's solution was supplemented with 5mM each of
L-serine, L-proline and L-alanine to inhibit or significantly
decrease the low-affinity mechanism of glycine uptake present
in retinal tissues (Chin and Lam, 1980).
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2.5 Enzyme assays and kinetic studies
2.5.1 Assay of L-glutamate decarboxylase (EC 4.1.1.15) (GAD)
L-glutamate decarboxylase activities were measured using
a method previously reported by Lam (1975). The retinas were
isolated, separated from the vitreous and weighed. The retinas
were then homogenized in a ground glass homogenizer with a
glass pestle (Kontes Glass Company, New Jersey) in 9 vol
(w/v) 0.2M sodium phosphate buffer (pH 7.2) containing
1mM 2-amino-ethylisothiouronium bromide hydrobromide (AET,
from Sigma) and 1mM pyridoxal-5'-phosphate (from Sigma). The
homogenate was then centrifuged at 1,000g for 5 minutes. The
assay was initiated by mixing l0ul of the supernatant with
Sul of 10mM L-(14C(U))-glutamic acid (specific activity:
lOmCi/mmole, from New England Nuclear Corp., Mass.) in the
buffer. This mixture was incubated at 370C for 30 minutes
and the reaction was stopped by adding 5ul of 2M HC1 containing
5mg/ml GABA and 0.5mg/ml glutamate to the mixture. 14C-GABA
formed during the assay was separated and identified by high-
voltage paper electrophoresis. The radioactivity of the GABA
spot on the paper was eluted with 2ml of 0.01MHC1, 14ml of
scintillant was then added to the eluate for radioactive
counting. Blank was prepared by using 10ul of the buffer
instead of the supernatant of the homogenate.
For kinetic studies, substrate concentrations ranging from
3.08 to 0.42mM were used.
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2.5.2 Assay of GABA-transaminase (EC 2.6.1.19) (GABA-T)
The assay method was modified from Hall et al. (1970).
Retinas were isolated in 0.25M sucrose solution, blotted
and weighed. They were stored at -80°C. The retinal tissues
were homogenized in 9 vol (w/v) of 100mM Tris-HCl buffer
(pH 8.0) containing 20uM pyridoxal-5'-phosphate (from Sigma)
and 100uM 2-amino-ethylisothiouronium bromide hydrobromide
(AET, from Sigma). The homogenate was then centrifuged at
1,000g for 1 minutes. 20ul of the supernatant was added
to each 1.5ml-Eppendorf centrifuge tube with the addition of
1ul of 93mM oxidized nicotinamide adenine dinucleiotide
(NAD+, from Sigma) freshly prepared; 5ul of Tris-HC1 buffer
containing pyridoxal-5'-phosphate and AET. The reaction was
started by adding 5ul of 16mM of Y-14C(U) -aminobutyric acid
(specific activity: 0.419mCi/mmole, from New England Nuclear
Corp., Mass.) and 12mM a-ketoglutarate. After incubation at
37°C for 30 minutes in a shaking water bath, the reaction was
stopped by adding 5ul of 40% trichloroacetic acid. Blank was
prepared by adding 20ul 100mM Tris-HCl buffer-instead. The
reaction mixture was immediately transferred to a 0.6 x
10cm column containing 2ml Dowex 50 WX2 (200-400 mesh, from
Serva). The column was eluted with 5ml distilled water and
2ml of the eluate was collected and radioactivity was then
measured by liquid scintillation counting.
For kinetic studies, substrate concentrations ranging
from 2.66mM to 0.167mM were used.
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2.6 Determination of endogenous contents of GABA and glycine
The endogenous concentrations of GABA in adult and
developing retinas were measured by Mr. Hector Garza (Baylor
College of Medicine), using an amino acid analyzer (Beckman
Model 119 analyzer and Model 126 integrator) with a sodium
citrate buffer system. Isolated retinas were weighed and
homogenized in 10 vol (w/v) of 10% ice-cold trichloroacetic
acid. The homogenates were centrifuged for 2 minutes in a
Beckman microfuge and 50u1 of each supernatant was used for
amino acid analysis. The endogenous glycine content was
measured in C. U. H. K.,_. using an amino acid analyzer
(Beckman Model 120C analyzer)_ with a buffer system. of 0.. 2M
sodium citrate buffer (pH 3,28).. Integration was done by
method of triangulation, area was obtained by multiplying the
height of the triangle by its width at half-height. Isolated
retinas were weighed and homogenized in 5 vol (w/v) of 10%
ice-cold trichloroacetic acid. The homogenates were centrifuged
for 2 minutes with an Eppendorf microfuge. 200ul of the
supernatant was charged per run. The trichloroacetated
precipitates were digested with IN NaOH for protein determination
by method of Lowry et al. (1951).
2.7 High-voltage paper electrophoresis for metabolite
identification and enzyme assay
This technique described previously by Hildebrand et al.
(1970) was utilized for separation and identification of
metabolites in the eluates of the release experiments.
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52 x 20cm Whatman 3MM paper was used and separation was
done by high-voltage paper electrophoresis (Shandon Model
L24) at 6,000 volts for 1 hour. The solvent system was a
mixture of 1.4M acetic acid and 0.47M formic acid at pH 1.9.
10u1 of eluate was charged onto the paper after 10u1 of the
corresponding carrier solution was spotted as a marker. The
optimal concentrations of the carriers are 2.5mg/ml GABA
and 2mg/ml glycine. After electrophoresis, the positions. of
GABA and glycine on the paper were identified by staining with
2% (w/v) ninhydrin in acetone the radioactivity-on the.paper
was determined by cutting it into 3cm strips, eluting the_
radioactivity of each strip with 2ml of 0.01M HCl for 1-hour
by shaking. The eluate was then mixed. with 15m1 of scintillant
and measured for radioactivity with liquid scintillation
counter.
In the assay of GAD, the product GABA was.separated from
the substrate glutamate by applying 10jil of the reaction
mixture to the paper for' electrophoresis.
2.8 Protein determination
Protein was determined by the method of Lowry et al.
(1951), using bovine serum albumin as standard. Absorbance
was read with Hitachi UV-VIS spectrophotometer Model 139.
2.9 Statistical analysis
All data obtained were expressed as mean= S. E .M., with
(n) denoting number of samples tested.
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3. RESULTS
3.1 The GABA-ergic system
3.1.1 Localization of GABA-accumulating neurons in adult
retina
In previous studies, it has been shown that depending
on the conditions of the experiments, exogenously supplied
3H-GABA was localized almost exclusively to certain
neurons or Muller (glial) cells, or a mixture of both glia
and neurons in the rabbit retina (Ehinger, 1970,1977 Marshall
and Voaden, 1975 Brandon et al., 1979). For instance, when
isolated rabbit retinas were incubated for 15 minutes at room
temperature in vitro with Ames' Ringer's solution containing
10-5M 3H-GABA and processed for autoradiography, the radio-
activity is localized to many Muller cells and perhaps some
amacrine cells (Figure 3a). Over 90% of the radioactivity
was identified by high-voltage paper electrophoresis as
3H-GABA. However, when 3H-GABA was injected in vivo into the
eye and the retina was isolated after 1 or 2 hours and processed
for autoradiography, the radioactivity is associated
predominantly with certain cell bodies in the proximal.
part of the inner nuclear layer and in the ganglion cell
layer, as well as with some processes in the inner plexiform
layer (Figure 3b), Electrophoretic analysis showed that
82.5±7.6% of the radioactivity in the retina still remained
as 3H-GABA after these incubations,
Autoradiographic studies also indicate that GABA-
accumulating terminals are laminated, although usually only.





Figure 3 Autoradiographs of adult rabbit retinas following
(a) an incubation of 3H-GABA in vitro for 15
minutes and (b) an injection of 3H-GABA into the
eye in vivo. In (a), radioactivity is associated
with Muller cells. Processes of labeled Muller
cells (horizontal arrows) are seen radiating towards
the external and internal limiting membranes
(oblique arrows). Few heavily labeled neuronal
elements can be unequivocally identified in this
experiment. In (b), 2 hours after the injection,
labeled somas (upper arrow) in the inner-nuclear
layer (INL) resembling in position and morphology
to amacrine cells as well as diffused label
concentrating in the inner plexiform layer (IPL) can
be seen. Additionally, there are some labeled somas
(lower arrow) in the ganglion cell layer. They
may be displaced amacrine or ganglion cells.
Scale, 20um.
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cell layer, can be clearly distinguished (Figure 4 and 5).
Additionally, at least one type of GABA-accumulating amacrine
cell is of a pyriform morphology terminating in the sublamina
adjacent to the ganglion cell layer (Figure 5).
3.1.2 Morphogenesis of GABA-accumulating neurons
The morphology of GABA-accumulating neurons is followed
by examining autoradiographs of 3H-GABA uptake in 20 to 50
consecutive sections at each stage of retinal development.
Our results show that certain neurons in the newborn rabbit
retina selectively take up exogenous GABA. Two lines of evidence
suggest that these will probably become GABA-ergic neurons of
the adult retina. First, the positions and densities of
the GABA-accumulating cells are similar in newborn and adult
retinas. Second, although the GABA-accumulating neurons
in newborn retinas have elongated somas and few distinctly
labeled processes or laminations in the inner plexiform
layer, by about 2 days after birth, at least some of the labeled
neurons have morphology similar to those in the adult retina,
and the GABA-accumulating terminals in the inner plexiform
layer are clearly laminated (Figure 4 and 5), indicating that
there is already a distinct inner plexiform layer at birth.
There are numerous GABA-accumulating cells adjacent to
both sides of the inner plexiform layer. Similar to many
other cells in the newborn retina, the heavily labeled cells
in the inner nuclear layer are fairly elongated in shape,
while those in the ganglion cell layer have a more rounded
morphology (Figure 5a). Although the inner plexiform layer
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is heavily labeled, the label is fairly diffuse and at best
there is only a hint that GABA-accumulating terminals may
laminate adjacent to the ganglion cell layer. Furthermore, very
few processes from labeled neurons can be clearly followed
into the inner plexiform layer. This result indicates that
many of these cells either have few processes at this time,
or the processes are too slender to trace by autoradiography.
In constrast, at 2 to 3 days after birth, the putative GABA-ergic
amacrine cells have more rounded somas, and some of these
neurons clearly possess a pyriform shape with a main thick
process extending through much of the inner plexiform layer
and arborizing in a sharp band next to the. ganglion cell
layer (Figure 4a).The morphology of this type of cell is
similar to the large pyriform amacrine cell of the fifth
layer described in mammalian retinas by Cajal using a Golgi-
impregnation method (Figure 4b). The labeled neurons in
the ganglion. cell layer. have a very different morphology
and it is riot known if they are ganglion cells or displaced
amacrine cells. Some of them appear to stratify mainly in
the sublamina closest to their somas, similar in position to




Figure 4 Autoradiographs (a) of 3H-GABA uptake in a day 2
retina showing that by this time, the GABA-
accumulating terminals are already laminated in the
inner plexiform layer. In particular, one type of
GABA-accumulating cell (arrow) is probably the
large pyriform amacrine cell of the fifth layer
(b) in the mammalian retina described by Cajal using
Golgi-impregnation techniques.
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3.1.3 Neuronal uptake of 3H-GABA during retinal development
The retinas of newborn rabbits are immature both morpho-
logically and functionally. They lack photoreceptor outer
segments, have relatively few recognizable synapses and do not
possess light-evoked ganglion cell responses or electroretinogram
(MaArdle et al., 1977; Masland, 1977). Nevertheless, in 4
different litters examined for 3H-GABA uptake in vivo, it
is clear that certain neurons from the retinas of newborn
rabbits possess the mechanisms for GABA uptake and storage
(Figure 5a). In additon, Figure 5 also shows that injections
of 3H-GABA into developing eyes in vivo lead to predominantly
neuronal accumulation. Very little label is usually associated
with Muller cells, Similar to the distributions of GABA-
accumulating neurons in the adult retina, the diffuse label
is most densely localized to the inner plexiform layer, and
the labeled somas are found adjacent to both sides of the
inner plexiform layer.
The thickness of the rabbit retina at birth is about
180um (Figure 5a) and decreases to approximately 100uum
(excluding outer segments; Figure 3) in the adult. The density
of GABA-accumulating neurons in the newborn retina, as
estimated by counting the number of the most heavily labeled
cells, is 83±28 (mean±standard deviation) per mm linear
retinal expanse. In the adult retina, the figure is 49±12.
Thus by adjusting for the difference in retinal thickness,
there is a marked similarity between the positions and density
of the labeled somas in the adult and newborn retinas,
suggesting strongly that in spite of the immaturity of rabbit
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retinas at birth, certain neurons in the newborn retina are
already committed to use GABA as the neurotransmitter. In
addition, by following the uptake patterns autoradiographically
on different days after birth (Figure 5b-h), it is evident that
the numbers and positions of these neurons in most regions
of the retina do not change significantly during post-natal
development and maturation.
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Figure 5 Autoradiographs of rabbit retinas after an injection
of 3H-GABA in vivo during different days of post-
natal development.
(a) Newborn. The retina is quite immature: some
mitotic figures (arrows) are still present, there
are no outer segments and the retina is much thicker
than the adult retina. In addition, although there
is a clear inner plexiform layer, the outer plexiform
layer is indistinct and the cells in the inner
nuclear layer are elongated compared to those of
the adult retina. Diffuse label is heaviest in the
inner plexiform layer. Certain somas adjacent to
both sides of this layer are also labeled. Very
little label is associated with Muller cells.
(b) Day 1. The outer plexiform layer is more
distinct and there are few mitotic figures in this
region of the retina.
(c - g) Days 2, 4, 5, 7 and 11. As the retinas
mature, they become thinner while the plexiform
layers become wider and the cells have more rounded
morphologies. Outer segments are clearly present
by day 7. The positions and densities of the
GABA-accumulating neruons in the retinas remain,
however, unchanged, suggesting that the same types
of neurons take up 3H-GABA during post-natal
retinal development.
(h) Day 14. Oblique section showing two labeled
bands in the inner plexiform layer, one is adjacent
to the amacrine cell layer (upper) and the other
adjacent to the ganglion cell layer. Occasionally,
a faint band in the middle of the inner plexiform










3.1.4 Release of 3H-GABA in adult retina
In amphibian and teleost retinas, 3H-GABA taken up by
neurons can be readily released in vitro by increasing the
K concentrations in the medium Hol( lyfield et al.., 1979
Lam, et al,, 1980b). In the rabbit retina, however, using
similar experimental procedures, very little preloaded 3H-GABA
0% of the total radioactivity) could be released into the
medium by K+_ depolarization (Figure 6, dotted line). This
result indicates that the amounts of 3H-GABA released into
medium probably depend on the efficiency. of the GABA uptake
system. Because mammalian retinas are known to possess both
neuronal and glial mechanisms for GABA uptake, whereas Xenopus
and goldfish retinas possess predominantly a neuronal uptake
mechanism (Hollyfield et al., 1979 Lam et al., 1980b),
rabbit retinas may therefore be capable of rapidly taking up
most of the GABA released by K+_ depolarization. This would
prevent significant amounts of 3H-GABA from being released
into the medium. Such a possibility was confirmed by measuring
3H-GABA release in the presence of nipecotic acid, diamino-
butyric acid and 3-alanine. Both nipecotic acid, diaminobutyric
acid are specific neuronal uptake blockers while -alanine
is specific for filial uptake. Our result shows that the
presence of these uptake blockers leads to an eight-fold
increase of radioactivity in the medium following K+- stimulation
(Figure 6, solid line).
Product identification by high-voltage paper electrophoresis
shows that whereas only 28.0±10.2% of the radioactivity released
during incubation with normal Ringer's solution is 3H--GABA,
77.0±3,6% of the radioactivity released by stimulation with
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K+- rich medium is 3H-GABA. This finding indicates that
although some radioactivity is spontaneously released from
the retina during these incubations, K+- depolarization
leads to a much greater percentage of release consisting
predominantly of 3H-GABA and not other radioactive products.
In addition, the K+- stimulated release of 3H-GABA is
probably Ca++- dependent because it is inhibited by the
presence of 5 to 10mM Co++ in the medium. Upon the removal.
of Co++ from the medium, incubations with K+- rich Ringer's
solutions again lead to a smaller but significant efflux of
radioactivity from the adult retina. This indicates that
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Figure 6 K+- stimulated release of 3H-GABA from adult
rabbit retina in the presence and
absence (-O--O-) of GABA-uptake inhibitors.
This figure also shows the effect of 10mM Co++
on K+- stimulated release (K+- Co++). Similar
results were obtained in three other experiments.
3H-GABARELEASED(dpm×104)
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3.1.5 Release of 3 H-GABA during retinal development
Since autoradiography shows that GABA-accumulating
neurons of the rabbit retina can already be identified at
birth, the emergence and maturation of K+- stimulated,
Ca++- dependent release of preloaded GABA from the retina
can be followed throughout post-natal development.
Similar to results of release experiments described for the
adult retina, in developing retinas K+- stimulated release
of 3H-GABA into the medium is also small and often
inconsistent in the absence of inhibitors of GABA uptake.
Thus, the Ringer's solutions in our release experiments
contain nipecotic acid, diaminobutyric acid and B-alanine,
although diaminobutyric acid and B-alanine alone give similar
results, In addition, we found that some of the K+- stimulated
release of 3H-GABA (about 2% to 3% of the total retinal
radioactivity) from developing retinas is not inhibited
by 10mM Co++, and is therefore probably not Ca++- dependent.
Thus, in each release experiment, 4 pieces of retina from
an eye injected with 3H-GABA were used. K+- stimulated
release of 3H-GABA was measured simultaneously, in the
presence of Co++ from 2 pieces of retina and the absence of
Co++ from the other 2 pieces. The percentage of K+-
stimulated, Ca++- dependent 3H-GABA release (Figure 7) was
then expressed as the difference of percent release in
the presence and absence of Co++.
Unlike the GABA uptake mechanism, the release of
3H-GABA at birth is only about 20% that of the adult level
(Figure 7). This low level of K+- stimulated, Ca++-
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dependent release is maintained until about 6 days after birth,
then the release increases drastically from 20% to about
85% of the adult level within the subsequent 2 to 3 days
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Figure 7 K+- stimulated release of 3H-GABA from retinas on
different days of post-natal development.Bars
represent S.E.M.(n>3).
47
3.1.6 Endogenous contents of GABA, GAD and GABA-T activities
during retinal development
As shown in Figure 8, GABA concentrations in the retinas
follow closely with the GAD and GABA-T activities at each
stage of development. In our studies, the concentration of
GABA in light-adapted adult rabbit retinas is found to be
llp.mole/g protein, it is similar to that reported by Davis
et al. (1969) (12 .1umol e/g protein), Kuriyama et al. (1968)
reported that the activities. of GABA-T and GAD in adult
rabbit retina are 204 and 29)amole/g protein/hr.-respectively.
The relatively lower activities of these 2 enzymes in our study
may be attributed to the disparity of enzyme assays.
GABA concentrations, GAD and GABA-T activities are low
in the newborn retina. However, unlike 3H-GABA release which
stays at a low level for the first 6 days after birth,
retinal GABA content, GAD and GABA-T activities increase
steadily, reaching 50% of the adult level on day 6 and 90%
by day 10,
From-the Lineweaver-Burk plot of the kinetic studies of
GAD activities (Figure 9), the Km 'values for day 1, day 8
and adult rabbit retinas are found to be the same (2 .10mM),
while the Vmax values are 0.5., 0.71 and 5umol e/g protein/hr
respectively. On the other hand, the Lineweaver_Burk plot
(Figure 10) of GABA-T shows. that the Km values of these 3
stages are also the same (2.OmM), however the corresponding
Vmax values are different,- i .e. 0,044, 0.057 and 0 .16mmole/
g protein/hr respectively. These observations may suggest that
the increase in the activities of these enzymes during develop-
rnent is due to the increase of copies of functionally active
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enzyme molecules. The linearity of the Lineweaver-Burk plot
of GAD and the unchanged Kni for different stages of development
suggest there is only one type of_GAD present in rabbit retina,
which is most likely the GAD I found in neuronal elements.
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Figure 8 GABA concentrations(), specific activities
of GAD(••••••••••••) and those of GABA-T( -•-e-)
in rabbit retinas on different days of post-natal
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Figure 9 Lineweaver-Burk plots of GAD in rabbit retinas during
development. Day 1 ; Day 8
Adult . Assays were made in 0.2M sodium
phosphate buffer (pH 7.2) at 37°C on the decarboxy-
lation of L-glutamate. Enzyme preparations were
supernatants of retinal homogenates after centrifugation
at 1,000g for 5 minutes. Eacn data point represents
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Figure 10
Lineweaver-Burk plots for GABA-T in rabbit retinas
during development Day1 Day 8
Adult Assays were made in 100mM Tris-.HC1
buffer (pH 8.0) at 370C on the transamination of
GABA. Enzyme preparations were supernatants of
retinal homogenates after centrifugation at
1,000g for minutes. Each data point represents
the average of 2 assays,
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3.1.7 Emergence and maturation of the GABA-ergic system
The time courses of emergence and maturations of the
different. GABA-ergic propeties during development of the
rabbit retina are summarized in Figure 11. Our results indicate
that although the putative GABA-ergic neurons are probably
immature at birth, by 9 days after birth, these cells possess
over 80% of the adult capacity to take up, synthesize,
degrade, store and release GABA. At least some of these
neurons are therefore likely to be mature and functional.
by this time. There is also electrophysiological evidence'
that GABA-ergic neurons may be functional at this stage of
development. In a study on the maturation of ganglion cell
function, Masland (1977) showed that the number of ganglion
cells responsive to light increases from 0% on day 7 after
birth to over 80% by day 10. In addition, ganglion cells
with direction-sensitive receptive fields could be firstly
recorded on day 10 or 11' (Masland, 1977). Since GABA--ergic_
amacrine cells are probably involved in the organization of
direction-sensitive receptive fields of ganglion cells
(Caldwell et al., 1978), it follows that these neurons are
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Figure 11 Emergence and maturation of GABA uptake
GABA comcentrations GAD activities
GABA-T activities
and
K+-stimulated,Ca++-dependent release of GABA
during post-natal development of the
rabbit reina.
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3.2 The g yciner is system
3.2.1 Localization of glycine-accumulating neurons in adult
retina
As shown in Figure 12, when adult retinas were pre-
treated by intraocular injection with modified Ringer-'s
solution containing 50uCi 3H-glycine, 5mM each of L-serine,
L-alanine and L-proline, the label is localized predominantly
to a number of cells located at the vitreal side of the
inner plexiform layer (oblique arrow). Becuase L-serine,
L-alanine and L-proline have been shown to inhibit the
low-affinity mechanism for glycine uptake in the goldfish
retina (Chin and Lam, 1980), the glycine-accumulating
neurons in the rabbit retina probably take up 3H--glycine
by a high-affinity transport mechanism. This hypothesis is
supported by our own observation that retinas. incubated in
vitro for 15 minutes with Ringer's solution containing
10-5M 3H-glycine and 5mM each of L--serine, L-alanine and
L-proline also show a similar pattern of glycine-accumulating
neurons, with very little label in glia and other neurons,
This observations differ from the in vitro uptake study for
GABA.
In addition to glycine-accumulating somas, there is.
a broad and diffuse band of labels over the inner. plexiform
layer (vertical bar). We therefore conclude that.the glycine-
accumulating cells at the vitreal border of the inner nuclear
layer probably represent one or more subpopulations of
amacrine cells.
Analysis of the radioactive products in retinas after
1 hour of incubation in vivo with 3 H-glycine shows that
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Figure 12 Light microscope autoradiograph of an adult rabbit
retina 1 hour after an intraocular injection of
3H-glycine in vivo. Labeled somas are located
predominantly at the vitreal border of the inner
nuclear layer (oblique arrow). These are most
likely amacrine cells. Much of the inner plexiform
layer (vertical bar) is labeled diffusely.
Occasionally, some somas of unknown identity in the
middle or scleral side of the inner nuclear layer
are also labeled (horizontal arrow). Scale, 20,um.
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72±18% of the radioactivity remains as 3H-glycine, indicating
that much of_the label on the autoradiographs is 3H-glycine.
In additon, this result shows that in the presence of
inhibitors of low-affinity glycine transport, only a small
percentage of glycine accumulated is used for immediate
metabolic purpose. This may lead to a speculation that
the high-affinity uptake of glycine is essential for the
inactivation of released glycine and this sequestered glycine
may be protected from. being metabolized and ready for being
released upon stimulation.
3.2.2 Neuronal uptake of 3H--glycine during retinal developmen
Glycine-accumulating cells are clearly present in
retinas of newborn rabbit (Figure 13a). These cells.are
found predominantly at the vitreal side of the inner.nuclear
layer and are therefore similar, to the positions of glycine-
accumulating.amacrine cells in the adult retina (Figure 12).
The density of these cells at birth is estimated at 13.5±36
per mm linear retinal expanse as compared to 70±22 for.
the adult retina. Because the thickness of. the rabbit retina
at birth is about 180xun (Figure 13a) and decreases to,
approximately 100,um (excluding outer-segments-.Figure 12) in
the adult, by adjusting for the difference in retinal.
thickness, there is a marked similarity between the positions
and densities of these labeled somas in adult- .and ,newborn
retina. This observation, together with the presence-of
heavy diffuse label in the inner plexiform layer, suggest
that the glycine-accumulating cells in the newborn retinas
will likely mature to become glycine-accumulating amacrine
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cells of the adult retina. It follows that if these neurons
indeed use glycine as the neurotransmitter, then the glycine-
accumulating cells in the newborn retina are already committed
to be glycinergic. Finally, by following the patterns of
3H-glycine uptake autoradiographically on different days
after birth (Figure. 13a- d), it is evident that the density
and positions of glycine-accumulating neurons in most regions
of the retina do not change significantly during post-natal
development and maturation. These observations further suggest
that most glycinergic neurons are determined pre-natall.y
and very few, if any, of these cells are formed or degenerate
during post-natal development.
59
Figure 13 Auto radiographs of rabbit retinas 1 hour
after an intraocular injection of 3H-glycine
during different days of post-natal development.
(a) Day 1. Although there are fairly
distinct outer and inner plexiform layers,
the retina is morphologically immature:
there are no outer segments, the cells are
fairly elongated and the retina is much thicker
than the adult retina. Labeled somas are
located towards the vitreal side of the inner
nuclear layer. (b) and (c) Day 5 2 and 81.
As the retinas mature, they become thinner and
outer segments begin to appear. The labeled
neurons at the vitreal side of the inner
nuclear layer begin to resemble adult amacrine
cells in morphology and position. (d) Day 14.
By this day, the labeling pattern is already
similar to that of the adult retina. In
particular, a diffusely labeled inner plexiform
layer is evident. IN: inner nuclear layer







3.2.3 Release of JH-glycine in adult retina
Similar to the goldfish retina (Chin and Lam, 1980),
3H-glycine taken up by the glycine-accumulating neurons
of adult retinas can also be readily released.in vitro by
increasing the K+_ concentrations of the medium (Figure 14).
In addition, the 3H-glycine accumulated can also be released
upon appropriate light stimulation of the retina (Ehinger
and Lindberg-Bauer, 1976).
Product identification by high-voltage paper electrophoresis
shows that whereas only 31.5-12.1% of the radioactivity
released during incubation with normal Ringer's solution is
3H-glycine, 80.3-10.6% of the radioactivity released in.
response to the K+- rich medium is 3H-glycine. Thus, .although
some radioactivity is constantly leaked from the retina during
the release experiments, K+- depolarization of the retina leads
to a much greater release consisting predominantly. of 3H-
glycine and not other radioactive products. In addition,
this K+-- stimulated release is probably Ca++- dependent as-.
it is inhibited by 5 to 10mM Co++ in the K+- rich Ringer's
solution. Upon removal of Co++ in the medium, incubation
with K+_ rich Ringer's solution again leads to a smaller
but significant efflux of radioactivity from the retina,
indicating that the Ca++ channels are reversibly competed
by Co++ and the retinal tissue remains viable after the
treatment with Co++. Accordingly, this experimental procedure
was therefore utilized for our study on the appearance and
maturation of the mechanism for glycine release during retinal
develment_
’ -f* , oFigure 14 K ~ stimulated release of H—glycine from an 
adult rabbit retina . This figure also shows 
the effect of lOmM Co++ on K+~ stimulated 
release Co++) . Similar results were
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3.2.4 Release of 3H-glycine during retinal development
Since autoradiography shows that glycine-accumulating
neurons can already be identified in newborn retinas of
rabbit. The emergence and maturation of K+- stimulated, Ca-
dependent release of preloaded glycine from the retina can
be followed throughout post-natal development. As shown
in Figure 15, there is practically no K+_ stimulated release
of 3H-glycine from the retina for the first 6 days after
birth. This release then increases drastically and almost
linearly from about 10% of the adult level on day 7 to 65%
on day 10 and 80% on day 12 (Figure 16). After day 12, the
release rate gradually approaches the adult level. This
finding therefore shows that-there is a precise temporal
sequence leading to an abrupt emergence and rapid maturation
of the mechanism for glycine release during post-natal
development of the rabbit retina. Referring to Figure 16,
although the high-affinity uptake mechanism for glycine is
already present in certain cells of the newborn rabbit
retina, the glycine accumulated by these cells cannot be
released by K+- depolarization. Thus, even though the
glycine uptake mechanism is present and probably mature at
birth, there is very little K+^ stimulated release of the
preloaded 3H-glycine during the first 6 or 7 days of post-
natal life.
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Figure 15 K+_ stimulated release of 3H-glycine from retinas
on different days of post-natal development.
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Figure 16 Emergence and matureation of 3H-glycine uptake
and k+-stimulated,Ca++-dependent
release of 3H-glycine during post-
natal development of the rabbit retina
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3.2.5 Endogenous contents of glycine in the retina during
development
The endogenous glycine levels in rabbit retinas
during ontogeny are shown in Figure 17. The level on day 1
is 37±3 pmole/g protein while that of adult is 7±2 pmole/
g protein. In other words, glycine is present in a higher
concentrations in the retinas of neonatal animals than in
the adult retina. There is a striking decrease (about 45%)
in glycine contents from day 7 to day 10. The amounts of


























Figure 17 Developmental changes of endogenous contents of
glycine in rabbit retinas from one day of age




4.1 The GABA-ergic system
4.1.1 The GABA-ergic neurons in rabbit retina
Our autoradiographic studies indicate that radioactivity
is localized mainly to certain cell bodies of amacrine cells
in the inner nuclear layers after intraocular injection of
3H-GABA however if the isolated retina was incubated with
10-5M 3H-GABA in Ringer's solution, the labels are found
mainly in the Muller (glial) cells. This discrepancy in
uptake patterns in both the in vivo and in vitro studies
can be tentatively interpreted by the presence of a lower-
affinity uptake system for GABA in the Muller (glial)
cells. This uptake system is operational, or at least
detectable, only when the neuronal transport system has been
impaired or has ceased to function due to neuronal death
or damage. Such damage would be more likely to occur in vitro
for mammalian retinas (eg. in rat, guinea pig, goat, cat
and rabbit) than those of the more resilient lower vertebrates
(eg. in goldfish, frog, pigeon and chicken), and much less
likely under the in vivo conditions employed here for the
rabbit retina.
From the positions of their somas and from partial
reconstructions of their processes, many of the GABA-
accumulating neurons are probably amacrine cells, while
some may be displaced amacrine cells or ganglion cells.
Because the localization of 3H-GABA in the retina is greatly
influenced by the physiological and metabolic states of
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the GABA-accumulating cells, it is necessary to show the
neurons that take up 3H-GABA correspond to the same neurons
which contain the enzyme for GABA biosynthesis. Recently such
a correlation has been tentatively demonstrated in the rabbit
retina by Brandon et al. (1979). Using a combination of
immunocytochemical and autoradiographic techniques, they
showed that the GAD-containing neurons are probably the
same neurons which accumulate 3H-GABA following injection
of the labeled compound into the eye in vivo. We have
therefore used this procedure to follow the development of
the putative GABA-accumulating neurons,
There is also pharmacological evidence for GABA-ergic
neurons in the rabbit retina. Using an isolated retinal
preparation, Ames and Pollen (1969) showed that both' the
spontaneous and light-evoked activities of ganglion cells
were inhibited by GABA and excited by picrotoxin, a presumed
antagonist of GABA receptors. More recently, by infusing
drugs into the retina through the circulation, Caldwell
et al. (1978) showed that picrotoxin abolishes the directional
and size specificity of 'on-off' and 'on' directionally
sensitive cells and makes the 'on' cells responsive to
faster velocities. In addition, picrotoxin also eliminates
the orientation specificity of orientation-sensitive cells,
but has much less dramatic effects on ganglion cells with
simpler receptive fields such as concentric center-surround
organization (Caldwell and Daw, 1978). These findings led
Caldwell and Daw (1978) to propose that GABA-ergic amacrine
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cells make lateral inhibitory connections in the inner
plexiform layer to cause the specificity of several different
types of ganglion cells, especially those with complex
receptive fields, On this basis, they also suggested that
GABA-ergic amacrine cells in this retina most likely
belong to a subpopulation of stratified amacrine cells.
Immunocytochemical studies show that indeed the GAD-
containing terminals of the rabbit retina are stratified,
forming four sharp bands in the inner plexiform layer
(Brandon et al., 1979). More recently, Brandon et al, (1980)
showed by electron microscope immunocytochemistry that
these terminals contact predominantly amacrine or bipolar cell
processes, and only rarely ganglion cell dendrites. It has
been reported that inner plexiform layers of retinas in
which ganglion cells have complex receptive fields are
usually highly stratified (West, 1976) and have more
amacrine synapses, including amacrine to amacrine and amacrine
to bipolar synapses (Dowling, 1968 Dublin, 1970). The
autoradiographic and immunocytochemical findings are therefore
consistent with the pharmacological results that the GABA-
ergic amacrine cells are involved in the organization of
direction and orientation specific receptive fields of the
ganglion cells.
During the morphogenesis of the retina, although some
of the labeled neurons are clearly stratified several days
after birth, it is not known whether these cells make synaptic
contacts at this stage. Brandon et al. (1980) showed that
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GAD-containing terminals make conventional synapses in
the inner pl exif orm layer from 0 to 6 days after birth.
They constitute only about 30% of the adult level (McArdle
et al.., 1977), it is of interest to examine by electron
microscope autoradiography if these synapses are associated
with GABA-accumulating neurons and to follow the maturation
of these neurons during retinal morphogenesis. Finally, our
studies show that the neuronal uptake mechanism f or GABA
emerges prior to birth.
4.1.2 Uptake and release of GABA in the retina
Unlike amphibian and teleost retinas (Hollyfield et al.,
1979 Lam et al.., 1980), very little preloaded 3H-GABA can
be released into the medium by K+_ depolarization of the
rabbit retina. In the adult retina, the addition of inhibitors
of GABA uptake leads to an eight-fold increase in K+- stimulated,
Ca++- dependent 3H-GABA release into the medium. This result
indicates that the amounts of 3H-GABA released into the
medium probably depend on the efficiency of the GABA uptake
systems. It is of interest that in teleost, amphibian and
reptilian retinas, GABA is taken up predominantly by certain.
neurons (Lam and Steinman, 1971 Voa den, 1974 Lam, 19 76
Hollyfield et al,,, 1979). In contrast, Muller (glial) cells
of mammalian retinas also possess a GABA uptake system
(Marshall and Voaden, 1975 Ehinger, 1977).
Brunn and Ehinger (1972) found in rabbit retina that
the high-affinity transport of GABA in the neuron has
Km H= 2,76 x 10-5M. The function of this high-affinity
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mechanism for GABA uptake is not clear. One possible role
may involve the removal and therefore inactivation of GABA
from the synaptic clefts following its release and stimulation
of the post-synaptic GABA receptors. Additionally, an
efficient GABA uptake system in the GABA-ergic neurons may
decrease the' requirement for continual GABA synthesis
during repeated stimulation of the neurons. Since Muller
cells span the entire thickness of the retina and their
processes are integral parts of the external and internal
limiting membranes, an effective glial system for GABA
uptake would rapidly remove most of the extracellular
GABA and prevent it from being released into the medium. In
this regard, mammalian retinas may be considered to be
more efficient than teleost and amphibian retinas in the
removal and therefore inactivation of the GABA following
its release.
Grain counts of- autoradiographs indicate that the
positions and density of the labeled somas in the adult
and newborn retinas are similar, suggesting that certain
amacrine cells are already committed to be GABA-ergic
pre-natally, even, though these cells are functionally and
morphologically immature.
In the ontogenic study of the mechanism of 3H-GABA
release, the specific release of preloaded 3H-GABA is
maintained at about 20% of the adult level for the first
6 days after birth, then a striking increase in the release
of the radioactivity occurs from day 6 to day 10. The
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release mechanism probably reaches maturity by this time.
This result shows that during retinal development there is
a precise temporal sequence leading to an abrupt maturation
of the mechanism for GABA. release. However, the nature of
the triggering factor for this drastic maturation is still
obscure. Since the release mechanism of GABA-ergic neurons
is not well studied, as a result, extrapolation of the
working hypothesis of Ca++- induced vesiculation-exocytosis
for acetylcholine release in frog neuromuscular junction.
may be inappropriate (Kelly et al,, 1980).
It is still not known whether the small but definite
K+- stimulated, Ca+- dependent release of 3H--GABA from
newborn rabbit retinas represents the true synaptic release
and whether endogenous as well as preloaded GABA can be
released concurrently. Further studies with electron
microscopy may help elucidate this argument by correlating
the process of synaptogenesis of GABA-accumulating neurons
with the maturation of the corresponding mechanism for
GABA release,
4.1.3 Synthesis and metabolism of endogenous GABA in the
retina during development
As referred to Figure 8, the trend of GABA--T activities
is very similar to that of GAD activities, Similar observations
were made by Sisken et al, (1961) in the optic lobe of the
chick and by Van den Berg and coworkers (1965) in the rabbit
brain. The GABA-T/GAD ratio is higher in newborn rabbit
retina (about 20:1 on day 1) and decreases with maturation
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(about 15:1 in adult). The precise significance of this
change in GABA-T/GAD ratios during development is at present
unknown. However, this may tentatively account for the
concomitant rise in the steady-state levels of endogenous
GABA in the retinas. This relationship between GABA-T
and GAD is somehow subjected to species variations. In
the study of rat brain, Van den Berg et al. (1965)
found that the GABA-T/GAD ratios vary little with ontogeny.
Besides the decrease of GABA-T/GAD ratios in developing
retinas,' the elevation of GABA content may possibly reflect
the maturation of the storage or binding mechanism for
GABA at the nerve terminals from being degraded by the
intramitochondrial GABA--T. In the same sense, the measurement
of changes of these enzyme activities during morphogenesis
will provide important clues to the functional roles, of
the enzymes.
The linearity of the Lineweaver-Burk plots of GAD and
the unchanged Km for different stages of development
(Figure 9) suggest firmly the presence of only one species
of this synthetic enzyme in rabbit retina. This finding
is different from those reported by Haber et al. (1970)
and Kuriyama et al, (1970) in the studies of human glial
cells and rabbit blood vessels. In these tissues, another
type of GAD designated as GAD II are found in addition to
the other species found in nervous tissue. Our finding
of the presence of only one species of GAD in rabbit
retina is in conformity to the recent immunocytochemical
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studies of the GABA-ergic system in rabbit retina (Brandon
et l., 1980). GAD-positive lamina is only found in the
inner plexiform layer, the Muller (filial) cells are not
stained at all.
4.2 The glycinergic system
4.2.1 The glycinergic neurons in rabbit retina
As shown in this and earlier studies (Brunn and
Ehinger, 1972 Graham, 1974), there are numerous glycine-
accumulating neurons in the rabbit retina. The somas of
these cells are mostly located at the vitreal border of
the inner nuclear layer while heavy label is found diffusely
over much of the inner plexiform layer. These glycine-
accumulating neurons are therefore most likely to be
subpopulations of amacrine cells. Because electron
microscope autoradiography of these neurons and Golgi
impregnations of amacrine cells in the rabbit retina have
not been done, the synaptic connections of the glycine-
accumulating amacrine cells are not known. However, several
lines of evidence suggest that these cells may be one
or more types of diffuse amacrine cells described by
Ca j al (1892), similar perhaps to the narrow-field,
bistratified (type II) amacrine cells of the cat retina
described by Kolb and Famiglietti (1974 Famiglietti and
Kolb, 1975 Kolb, 1979). First, unlike putative GABA-ergic
terminals which are clearly stratified (Brandon et al..,
1979 Lam et al., 1980a), glycine-accumulating terminals
in the inner plexiform layer of the rabbit retina are
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rather dittusely distributed. Second, in the miscue or
scleral side of the inner nuclear layer, there are
occasionally glycine-labeled somas (Figure 12, horizontal
arrow Figure 13c and d) not attributable to amacrine cells.
Although the identity of these cells is not known, their
elongated morphology and the absence of punctate terminals
in the outer plexiform make it unlikely that these are
interplexiform cells described in other retinas (Dowling
and Ehinger, 1978 Sarthy and Lam, 1979 Nakamura et al.,
1980). The morphology of these labeled somas, however,
resembles those of certain bipolar cells. In this regard,
it is of interest that in the cat retina, Kolb and
Famigliette (1974 Famiglietti and Kolb, 1975) have shown
that type II amacrine cells form spatially extensive gap
junctions with terminals of cone bipolar cells. Thus,
although it is not known if similar organizations occur in
the rabbit retina, it is possible that the labeled somas
in the middle of the inner nuclear layer of the rabbit
retina may belong to certain bipolar cells which form gap
junctions with glycine-accumulating amacrine cells. The
label in these presumed bipolar cells may then represent
diffusion from glycine-accumulating amacrine cells rather
than active glycine uptake. This is an interesting possibility
that requires further studies by electron microscope auto-
radiography. Lastly, pharmacological studies by Caldwell
and Daw (1978) have shown that amacrine cells containing
glycine or whatever transmitter that is antagonized by
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strychnine probably make local connections, such as
negative feedbacks and are therefore likely to be diffuse
ama c rive cells.
There is some evidence that glycine may be a transmitter
for certain neurons in the rabbit retina. First glycine-
accumulating neurons possess a specific, high-affinity
mechanism for glycine uptake that is not found in other
retinal cells. Second, the glycine accumulated by these
neurons can be released upon appropriate light stimulation
(Ehinger and Lindberg--Bauer, 1976) or K+_ depolarization
of the retina. Finally, pharmacological studies of both
isolated rabbit retina (Ames and Pollen, 1969) and retinas
recorded in vivo (Caldwell et al., 1978 Caldwell and. Daw,
1978) indicate that glycine and strychnine have specific
effects on certain ganglion cells. For instance, by
infusing drugs into the retina through the circulation,
Caldwell and his coworkers (1978) have shown that strychnine,
an antagonist of. the presumed post-synaptic glycinergic
receptors, abolishes the size specificity of local edge
detectors and changes their speed specificity so that they
respond to faster velocities, Additionally, although
strychnine does not affect the center-surround balance
substantially in any of the retinal ganglion cells that
Caldwell and his'coworkers tested, it shortens or abolishes
the transients of these cells while picrotoxin, a presumed
antagonist of-.post-synaptic GABA receptors, makes the
transients longer.
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4.2.2 Uptake and release of glycine in the retina
Our results show that certain cells in the newborn
retina selectively take up and store exogenous glycine
(Figure 13a). There is only circumstantial evidence that
these will become glycine-accumulating neurons of the
adult retina. The main evidence is that by following the
population of glycine-accumulating retinal cells auto-
radiographically during post-natal development (Figure
13a- d), it is clear that the density and positions of
their somas in the retina remain fairly constant throughout
the various developmental stages. Additionally, even at
birth the uptake of 3H-glycine into glycine-accumulating
cells is probably achieved by a specific high-affinity
mechanism, since the glycine taken up is not significantly
affected by inhibitors of low-affinity glycine transport
(Chin and Lam, 1980). It is, however, not known if this
high-affinity uptake system is unique for glycine or if
other substances also share the same uptake mechanism.
If glycine is the neurotransmitter used by the glycine-
accumulating cells, then our results suggest that similar
to the development of GABA--ergic neurons (Lam et al.,, 1980a),
glycinergic neurons in most parts of the rabbit retina
initiate the differentiation of their uptake properties
prior to birth. The emergence of this uptake mechanism
during retinal differentiation must therefore await studies
of pre-natal development.
Our results show that in the rabbit retina (Figure 14),
3H-glycine taken up by glycine-accumulating neurons can be
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readily released upon depolarization of the retina with
high concentration of K+ in the medium. This release is
probably Ca++- dependent as it is inhibited by Co++
in the medium. Additionally, the 3H-glycine accumulated can
also be released upon appropriate light stimulation of the
retina (Ehinger and Lindberg-Bauer, 1976). However, although
the high-affinity uptake mechanism for glycine is already
present in certain cells of the newborn rabbit retina, the
glycine accumulated by these cells cannot be released by
K+-depolarization of the retina. This result shows that in
the rabbit retina, the mechanism for high-affinity glycine
uptake emerges and matures much earlier than the mechanism
for K+- stimulated glycine release. Thus, even though
the glycine uptake mechanism is present and probably mature
at birth, there is very little K+- stimulated release of
preloaded 3H-glycine during the first 6 or 7 days of post-
natal life, after which the release rate increases drastically,
reaching 65% of the adult level by day 10 and 80% by day 12
(Figure 16). The pattern of emergence and maturation of
K+- stimulated glycine release is therefore similar to that
for GABA release, although the GABA release mechanism may
appear one or two days earlier and mature at a faster rate.
The time course for the appearance of light-stimulated
release of endogenous or preloaded glycine is not known.
However, since outer segments in rabbit retina do not appear
until about 6 or 7 days after birth (McArdle et al., 1975),
light-stimulated glycine release therefore cannot be measured
prior to the time when K+- stimulated glycine, release can
first be elicited. It is also not known when the putative
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glycinergic synapses become functionally mature or when
the post-synaptic glycine receptors first appear during
retinal development. Such results must await electrophysiological
and pharmacological studies of developing retinas similar
to those already examined in the adult retina (Ames and Pollen,
1969 Caldwell et al.., 1978). Morphological and biochemical
results presented here provide a framework for such studies
and suggest that in the rabbit retina, putative glycinergic
neurons are determined pre-natally and may be functionally
mature by day 10 or 11 after birth, similar in time or
shortly after the maturation of GABA-ergic. neurons.
4 .2 .3 ,Endogenous contents of. glycine 'during retinal development
As shown in Figure 17, the endogenous levels of glycine
decrease with maturation. No similar studies had been done
on retinal tissues.'Nevertheless this pattern of change
for glycine levels had been reported in brain tissues of a
number of species, eg. in guinea and mouse (Agrawal et al..,
1968a, b), rat (Ojo et al., 1966). Agrawal et al. (1966)
found' in the study of rabbit brain that the newborn value
of glycine is 3.19pmole/g fresh tissue, while the adult level
is only 0 .97pmtol e/g fresh tissue. The significance of the
decrease in the metabolic pool of free glycine with maturation
is still obscure. However, the greater availability of
glycine in neonatal retina may be implicated in the rapid
protein synthesis for the outer segments of the photoreceptor
cells, .which appear to be functional by about day 6 or 7
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after birth. The drastic decrease in glycine contents from
day 7 to day 10 may indicate the attenuation of the rate
of protein synthesis by this time and thus substantiates
our argument. Furthermore, this reduction in endogenous
glycine contents may be attributed to the re-adjustment of
the amino acid transport system and also, there could be
an alteration in the fluxes of the biosynthetic pathways of
glycine. The biosynthetic pathways of glycine in nervous
tissues are rather complex, and to date they are not well
proven (Cooper et al., 1978). Since glycine is a very
common and universal metabolite of nearly all cell types,
any changes in the steady-state levels of this amino acid
during development need not reflect the storage capacity
of the releasable compartment of glycine in the glycinergic
neurons. Taken together, due to the lack of sufficient
information on the biochemical parameters, the significance
of the decrease in endogenous glycine levels is still
speculative.
Apart from glycine, alanine has been shown to be present
in high concentrations in the brain of the perinatal animals
than in the adult, eg. cat, rabbit, guinea pig, mouse and
rat but not .dog (Davis et al, 197.1).
The decrease in levels is not observed in some other
amino acids during development. Aspartic acid increases
steadily with maturation in the whole brain of dog, rabbit
and mouse. Similar observations are found for glutamine. These
differential changes of amino acid contents remain a mystery
and require further investigations.
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$. GENERAL DISCUSSION
Similar studies on the emergence and maturation of the
GABA-ergic, glycinergic and dopaminergic neurons have been
recently reported in the developing retinas of Xeno2uus laevis
(Hollyfield et al., 1979 Lam et al., 1980b Sarthy +et al..,
1980). In the adult retinas of Xenopus, 3H-GABA was accumulated
predominantly by horizontal cells while 3H-glycine and 3H-
dopamine were accumulated by cells located deeper in the inner
nuclear layer (possibly a type of amacrine cells or inter-
plexif orm cells). With GABA, the appearance of the high-affinity
uptake system appeared first, preceding GABA synthesis which
was followed by the development of K+_ stimulated, Ca++-
dependent transmitter release mechanism. Similarly, 3H-glycine
uptake appeared several stages before its release. In the case
of dopamine, however, its biosynthesis occurred first, followed
by the development of the high-affinity uptake system and
finally the release mechanism appeared. The temporal sequences
of emergence and maturation of these biochemical properties
(i.e. uptake, synthesis and release of the neurotransmitter)
appear to be in conformity to those in our present study on
the rabbit retina, The early development of the high-affinity
reuptake mechanism before the release mechanism may be of
functional significance. In this way, the neuronal system
can possibly ensure a fully developed reuptake mechanism for
effective inactivation of-the released neurotransmitter from
the synaptic clefts, so that a balanced circuitry can be
maintained for repeated stimulation.
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From the experimental point of view, the coupling of
high-affinity uptake with autoradiographic studies provides
a new dimension in studies of neuronal differentiation. With
morphological techniques alone specific neuronal types can only
be vaguely identified at the time when specific synaptic
configurations first make their appearance. Our studies indicate
that the high-affinity uptake systems for GABA and glycine in
specific neuronal types appear before synaptic specialization.
This characteristic not only provides a means for the
identification of specific neuronal types much earlier than
previously possible but also allows us to distinguish between
different neurons which share similar synaptic characteristics
on the basis of the uptake of different neurotransmitters. We-
envisage continued exploitation of the high-affinity uptake
system with autoradiography as an important tool in further
studies on the patterns and timing of neuronal differentiation.
It seems to be a common logic that the release mechanism
matures last, this finding certainly gives new insights on the
possibility of using this physiological parameter as an
indicator for the maturation of a particular neuron.
In our studies, GABA-ergic, glycinergic and also dopaminergic
neurons (unpublished data) are associated with the amacrine cells.
The physiological significance, if any, for various sub-populations
of a class of retinal neurons to use different transmitters is
unknown. A simple-minded conjecture is that since the synaptic
density in certain regions of the retina, especially the
plexiform layers, is very higher, the existence of many different
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transmitter-specific pathways would ensure interactions to
occur only among appropriately wired neurons, and decrease
the probability of non-specific stimulation by other
transmitters in the area due to diffusion and incomplete
inactivation. Another speculation is that the diversity of
transmitters within a class of retinal neurons may be of
importance for guiding or specifying the precise connections
between two classes of neurons during retinal development.
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6. SUMMARY
1. In isolated rabbit retinas, exogenously supplied 3H-GABA
is localized to Muller (filial) cells and some amacrine
cells.
2. After intraocular injections, both 3H-GABA and 3H-glycine
are mainly associated with different subclasses of amacrine
cells.
3. Different neurons in the newborn retinas already possess
a specific mechanism for GABA and glycine uptake. The
positions and densities of these cells in the developing,
retinas suggest that they are committed to be GABA-ergic
or glycinergic before birth.
4. The putative GABA-ergic neurons in the newborn retinas
contain only low levels of GABA, GAD and GABA-T activities
and relatively little K+- stimulated, Ca++_ dependent
release of preloaded '3H-GABA. In the case of the glycinergic
neurons, the neurons are probably immature at birth
because they do not release the accumulated glycine in
response to K+^ induced depolarization.
5. The GABA concentrations, GAD and GABA-T activities in
developing retinas increase steadily after birth, reaching
about 80% of the adult levels by day 9. K+-. stimulated
GABA release, however, remains low until day 6, then
increases dramatically from 20% to 85% of the adult level
over next 3 days.
5. There is practically no K+-- stimulated, Ca++_ dependent
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release of preloaded glycine from the retina until day 7,
after which the release increases drastically to about 65%
of the adult level on day 10 and 80% on day 12. Endogenous
glycine content is highest at birth. It decreases drastically
from day 7 to day 10, then reaches adult level by day 25.
7. Taken together, the commitment by certain neurons to use
GABA or glycine as the neurotransmitter is made pre--natally.
These neurons are immature at birth, but are biochemically,
physiologically and probably functionally mature by about
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